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COMPUTATIONAL FLUID DY N AM ICs  AND AE R OTHE R M ODY N A M ICs  

(Development of Nonequilibrium Models Applicable t o  AOTVIAFE and 
Superorb i ta l  F l igh t  Regimes) 

I. Introduct ion 

Th i s  r epor t  covers  t h e  period from July  1, 1987 t h r u  December 31, 1987. I t  
will  br ief ly  descr ibe  t h e  cur ren t  s ta tus  of t h e  project  and t h e  research e f f o r t  
during t h e  l a s t  six months. Since most of t h e s e  a c t i v i t i e s  have been summarized 
in  two extended a b s t r a c t s  of pape r s  t o  be  p re sen ted  a t  t h e  AIAA Thermophysics 
Meeting in  June  1988, t h e s e  a b s t r a c t s  a r e  included as appendices.  

11. S t a t u s  and Personnel  

Due to  t h e  delayed start on t h e  project ,  t h e  p r e s e n t  effort h a s  been officially 
extended unt i l  2 June  1988. Current ly ,  t h e  project  is essen t i a l ly  on schedule  and 
most  of t h e  work should be completed pr ior  t o  t h e  end of May 1985. However, t o  
a l low proper  p repa ra t ion  o f  f ina l  reports, a t tendance  at t h e  AIAA Thermophyics 
Meeting, etc.  a n  addi t iona l  ex tens ion  unt i l  t h e  end of August  1988 will  be  
reques ted .  

At  t h e  p r e s e n t  time, t h e  s t a f f  a s soc ia t ed  with t h e  project  a r e  Leland A. 
Carlson,  Pr incipal  Inves t iga to r ,  and Glenn Bobskill, Rober t  Greendyke, and 
Thomas Gally , Graduate  Research A s s i s t a n t s .  The r e sea rch  work a s soc ia t ed  with 
t h i s  project  will  form t h e  b a s i s  of t h e  Masters t h e s e s  of Mr. Bobskill and Mr. 
Greendyke, both of whom should f in i sh  in  May 1988. Mr. Gally is current ly  
working on h i s  doc tora l  degree  and h i s  p r e s e n t  research  e f f o r t s  have been  s p l i t  
be tween t h i s  project  and one involving t ransonic  wing des ign  and ana lys i s .  

111. Research Prowess 

A s  indicated in  t h e  last  p r o g r e s s  r epor t ,  t h e  project  is organized i n t o  two  
e f f o r t s .  The f i r s t  involves  t h e  development of a n  approximate s t a g n a t i o n  poin t  
solut ion,  while t h e  second is di rec ted  towards  t h e  s tudy  of nonequilibrium models 
for vibrat ion-dissociat ion chemical reac t ion  coupling and e l ec t ron  t empera tu re  
and rad ia t ion  approximations.  Most of t h e  e f f o r t s  of t h e  last  s i x  mcrnths in  t h e s e  
two  areas h a s  been  conveniently summarized in  two  extended a b s t r a c t s  submi t ted  
to  t h e  1988 AIAA Thermophysics Meeting. Consequently,  t h e s e  t w o  a b s t r a c t s  are 
included as  appendices  to  t h i s  r epor t ,  For your information,  both pape r s  have 
been  accepted f o r  p re sen ta t ion  a t  t h e  meeting. 

In  addi t ion  to  t h e  work repor ted  in  Appendix I1 concerning nonequilibrium 
model s t u d i e s ,  a considerable  amount of addi t iona l  p r o g r e s s  h a s  occurred. Fo r  
example, as shown on Table  It a second chemical reac t ion  model h a s  been  
developed which includes 10 s p e c i e s  and 11 r eac t ions  in s t ead  of t h e  s e v e n  s p e c i e s  
six reac t ions  d iscussed  in  t h e  appendix. Th i s  new model is still very s imple and 
y e t  should permi t  some reasonable  comparisons of t h e  e f f e c t s  of including or 
excluding var ious  s p e c i e s  in  the computation of AOTV/AFE f lowfields .  
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I n  addi t ion,  a s  shown on Table  11, t h e  cur ren t  inviscid nonequilibrium blunt  
body computer code h a s  f ive  d i f f e ren t  vibrational-chemistry coupling models and 
for use  in  rad ia t ive  h e a t  t r a n s f e r  calculat ions four  absorp t ion  coef f ic ien t  models. 
In addition, approximate nonequilibrium correct ion f a c t o r s  have been  developed 
f o r  t h e s e  rad ia t ion  models. Obviously, with t h e s e  choices  a wide var ie ty  of model 
combinations can be s tud ied  and t h e  e f f e c t s  of using va r ious  models can be 
deter mined . 

I t  should be noted t h a t  t h e  nonequilibrium radia t ion  correct ion f a c t o r s  are 
based upon assumpt ions  concerning the na tu re  of t h e  exci ted e lec t ron  s t a t e s  of 
t h e  atoms and t h e  molecules and a t t e m p t  t o  include t h e  e f f e c t s  of t h e  poss ib le  
nonexis tence of local thermodynamic equilibrium be tween t h e  electronic  s ta tes  
during the nonequilibrium chemistry re laxa t ion  process .  

Some preliminary r ad ia t ive  heat t r a n s f e r  r e s u l t s  f o r  a point  on t h e  AFE 
approximately nine cen t ime te r s  above t h e  s t agna t ion  point  are shown on Table  
111. The f l i gh t  condi t ions f o r  t h i s  c a s e  were  10 km/sec a t  80 km.; and t h e  r e s u l t s  
shown on t h e  t a b l e  do  no t  include any nonequilibrium radia t ion  correct ion f ac to r s .  
Thus,  they  e s sen t i a l ly  a5surne t h a t  LTE exists be tween exci ted states; and t h e  
results should be viewed as  t h e  maximum poss ib le  r ad ia t ive  h e a t  t r a n s f e r  (within 
t h e  l imi t a t ions  of each model). I t  should be noted t h a t  the 5-Step and 2-Step 
models are e s sen t i a l ly  based  upon atomic ni t rogen only while t h e  radiance and 
8 - S t e p  m o d e l s  i nc lude  a t o m i c  n i t r o g e n  and  oxygen  a n d  a lso molecu la r  
contr ibut ions.  While t h e s e  results indicate  s ign i f icant  cont r ibu t ions  from t h e  
VUV, it might be  poss ib le  t h a t  t h e  cool layer near  t h e  wal l  (not  included in  t h e  
p r e s e n t  inviscid model) will  absorb  a considerable  por t ion  of t h e  UV and VUV 
radiat ion.  

In  addi t ion,  it should be  noted t h a t  preliminary r e s u l t s  including t h e  
nonequilibrium radia t ion  correct ion f a c t o r s  predict  s ignif icant ly  lower va lues  on 
t h e  order o t  one to  10 w a t t s / s q .  cm. While t h e s e  r e s u l t s  are very preliminary,  it 
d o e s  appea r  t h a t  nonequilibrium e f f e c t s  on t h e  rad ia t ive  t r a n s f e r  are extremely 
important  f o r  t h i s  f l i gh t  condition. 

Fu r the r ,  some very i n t e r e s t i n g  preliminary r e s u l t s  have been obtained using 
two  d i f f e r e n t  reac t ion  rates f o r  t h e  e lec t ron  n i t rogen  impact ionizat ion react ion.  
The f i r s t  rate is based upon experimental  r e s u l t s  of Wilson (Ref. 1); while t h e  
second, which is two  o r d e r s  of magnitude f a s t e r ,  is t h e  one recommended by Kang 
and Dung. When applied t o  t h e  AFE shape  a t  10 km/sec and a t  80 ki lometers ,  t h e  
use  of t h e  second rate cons t an t  s ignif icant ly  i n c r e a s e s  t h e  amount of ionized 
n i t rogen  and d e c r e a s e s  t h e  amount of atomic n i t rogen  in  t h e  shock layer .  Also,  
t h e  r e s u l t s  with t h e  second rate indicate  s ignif icant ly  more molecular n i t rogen  
t h a n  those  obtained using t h e  f i r s t  rate. Apparent ly ,  during t h e  middle and late 
s t a g e s  of re laxat ion,  t h e  d issoc ia t ion  of ni t rogen  is s t rongly  a f f ec t ed  by t h e  
decrease  in  atomic nitrogen. (During early s t a g e s  n i t rogen  d issoc ia t ion  is 
primarily a f f ec t ed  by s h u f f l e  r eac t ions  involving 0 and NO.) The e f f e c t  of t h e s e  
d i f fe rences  on rad ia t ive  h e a t  t r a n s f e r  is current ly  being inves t iga t ed  and will  be 
repor ted  upon a t  a later da te .  
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IV. Future  E f f o r t s  

During t h e  next  repor t ing  period, work will continue o n  inves t iga t ing  t h e  
usage  of var ious  models i n  computing AFE/AOTV flowfields .  Par t icular  a t t e n t i o n  
will  be devoted t o  obtaining r e s u l t s  f o r  AFE t r a j ec to ry  p o i n t s  typical  of e n t r y  
and t h e  mar,+. point. 

V. References  

1. 
Fluids ,  Vol. 9, No. I O ,  October 1766, pp. 1?13-1921. 

Wilson, J. "Ionization Rate of Air  behind High-speed Shock Waves," Phys ics  of  

111. Grant  Monitor 

The NASA Technical Monitor f o r  t h i s  project is Dr. Car l  Sco t t ,  Mail Code ED3, 
NASA Johnson Space Center ,  Houston, Texas, 77058. 
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C u r r e n t  R e a c t i o n  M o d e l s  

A .  7 S p e c i e s  6 r e a c t i o n s  

02 + M <=> 20 + M 

N2 + M <=> 2N + M 

N2 + 0 <=> NO + N 

NZ, 02, 
N, 0 
N O  
NO+ , e 

N + 02 <=> N O  + 0 

N O + M < = > N + O + M  

N + O <=> NO+ + e 

B .  E x t e n d  t o  10 s p e c i e s ,  1 1  r e a c t i o n s  

N + N <=> N2+ + e 

N + N < = > N +  + e + N  Y 

N2+ 
N+ 0+ 

N + N+ <=> 2N+ + e * 
N + e <=> N+ + 2 e  * 
O + M < = > 0 +  + e + M  

* -- T h e s e  s h o u l  d i nu01 ue exc  i t e d  s t a t e  
e # + e c t s .  

Goal  : Keep as s i m p l e  as p o s s i b l e .  

TABLE I 



V i  b r a t  i on -Chemi  s t r y  Coup1  i ng M o d e l  s 

1. U i  b r a t  i ona l  Equ i 1 i br  i u m  

2. CUD 

3. wav 
4 .  CUDU P r e - f c r e n t  i a1 

5. P a r k - L i k e  M o d e l  

R a d i a t i o n  M o d e l s  

1 . R a d i a n c e  ( C o r n e l  1 > 
2. Two-step A i r  < A n d e r s o n >  

3. F i  u e - S t e p  N i  t r o g e n  ( K n o t t y  C a r l  son and 
Nerem) 

4. E i g h t - S t e p  A i r  < O l s t a d >  

U s e d  i n  t a n g e n t  s l a b  a p p r o x i m a t i o n  w i t h  l o c a l  
c o n c e n t r a t i o n s  and T e  and w i t h  and w i t h o u t  
n o n e q u i l  i b r i u m  c o r r e c t i o n  f a c t o r s .  

TABLE I1 
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RADIATIVE HEAT TRANSFER 
A p p r o x .  9 cm aboue S t a g n a t i o n  P o i n t  

(No C o r r e c t  i o n s )  

CUDU P a r  k-L i k e  
< 7S6R) < 7S6R) 

R a d i a n c e  Model  
N(2000-5000) 
N(500-2000) 
O <  2000 -50 0 0 ) 
O(500-2000) 
p l u s  8 o t h e r s  
T o t a l  

5 S t e p  Model  
620-1 100 
1100-1300 
1300-1 570 
1570-7870 
7870-9557 
T o t a l  

8 S t e p  Model  
400-852 
852-91 1 
911-1020 
1020-1130 
1130-1801 
180 1-4000 
4000- 
T o t a l  

2 S t e p  Model  
0 -1  100  
1100- 
T o t a l  

21 7 
4046 
170 

1488 

5921 

1 ZP 
1 7 1  

3107 
240 
244 
3892 

49 
451 
1556 
526 

280 9 
1578 
P38 

790 6 

2805 
295 

3101 

2 
697 

3 
320 

1021 

9 
3 .  

121 ' 
1 
6 

141 

0 
8 
18 
5 
43 
75 
61 
21 0 

55 
0 
55 

TABLE' 311 

CUDU 
< 1 OS1 1R) 

155 
3221 
124 

1199 

4700 

3P 
128 

2407 
165 
182 

2922 

15 
349 
1169 
382 

2 O W  
1336 
777 
61 21 

2174 
21 5 
2388 



APPENDIX I 

Approximations for Hypervelocity Nonequilibrium Radiating, Reacting, and 
Conducting Stagnation Regions 
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APPROXIMATIONS FOR HYPERUELOCITY NONEQUILIBRIUM RADIATING, REACTING, AND 
CONDUCTING STAGNATION REGIONS 

Leland A. Carlson* 
Texas A&M University 

College Station, Texas 77843-3141 
(409)845-1426 

(Submitted for Presentation at the AIM Thermophysica, Plasmadynamics, 
and Lasers Conference, June 27-29, 1988, San Antonio, Texas) 

EX1 ENDED A B S 1  RAG1 

Introduction 

In the future aero-assisted orbital transfer vehicles (AOTUs) will 
be used to operate, supply, maintain, and man satellites and space 
stations and to return from lunar and M a r s  missions. Those vehicles 
descending from geosynchronous to high or low earth orbit will operate 
in the entry and aero-assisted mode at velocities ranging from 7 to 1 1  
km/sec at altitudes of 70 to 100 km., with a nominal entry velocity of 
10 km/sec and peak dynamic pressure occuring at 75 km. Likewise, AOTUs 
returning from the Moon or M a r s  will enter at higher nominal velocities, 
1 1  km/sec for lunar return and 13.5 to 16 km/sec for Martian return; 
and, thus, they will have a wider operating range from 7 to 18 km/sec at 
60 to 100 km. 

Obviously, in order to efficiently design and operate such vehicles 
not only must the important factors affecting the vehicle flowfields be 
understood but also methods for rapidly predicting them must be 
available. While the corner and afterbody flows for such vehicles are 
complicated and highly rotational and viscous, the forebody flow 
structure thru much of the entry flight profile is dominated by 
nonequilibrium chemistry and radiation; and these phenomena will 
significantly affect the heat transfer t o  and perhaps the aerodynamics 
of the vehicle. 

In many cases, detailed three dimensional nonequil ibrium viscous 
computations of AOTU flowfields will be required in order to obtain 
complete understanding of various phenomena or to finalize a design. 
Such detailed computations, typically using the Nauier-Stokes equations 
(Ref. 1 1 ,  are extremely lengthy often requiring many hours of 
supercomputer time; and, thus, they are not suitable for quick studies, 
the determination of design trends, parametric studies, etc. In 
addition, while some of these methods include nonequilibrium chemistry, 
few include the effects of such nonequilibrium phenomena a s  vibration 
dissociation coupling and electron thermal nonequilibrium; and because 

* Professor of Aerospace Engineering, Associate Fellow AIAA. 
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of their lengthy computational times, these detailed methods are 
unweildr for evaluating o r  developing models and approximations 
represent i n g  these nonequ i 1 i br i urn phenomena. Further , on1 y a few have 
attempted to include radiative heat transfer; and these have either used 
very detailed nonequilibrium radiation models under conditions without 
significant radiation gasdynamic coupling (Ref. 21 o r  they have, perhaps 
i n a p p r o p r i a t e l y ,  uti1 ized e q u i l i b r i u m  r a d i a t i o n  m o d e l s  u n d e r  
nonequilibrium conditions (Ref. 3-41, assuming that the usage of local 
concentrations and temperatures is sufficient to handle nonequilibrium 
radiation, 

T h i s  paper will discuss one portion of an effort to evaluate and 
develop models and approximations for nonequilibrium chemical and 
radiating flows associated with AClTVs returning from orbital, lunar, and 
Martian missions and will be applicable to entry velocities ranging from 
10.5 km/sec to 18 km/sec. (Reference 5 will present results associated 
with the 7 - 10 km/sec regime.) The objectives o f  this paper are to 
investigate various approximations that can be used in analyzing 
radiating, reacting, and conducting shock layers, and to develop a rapid 
stagnation point solution technique that is suitable for parametric 
studies, and, perhaps, for evaluating and testing various nonequilibrium 
radiation models. I t  should be noted that the approximations discussed 
in this paper need not always be applied simultaneously. Also the 
resultant techniques are applied to the stagnation zone only a s  an 
initial effort. Many of them can, in principle, be extended to 
multi-dimensional and entry vehicle flowfields. 

APproximate Solution 

The primary equations governing the radiating reacting flow behind 
a hypervelocity shock wave are the global energy equation, 

and the equation of radiative transfer. Normally these equations must 
be solved in conjunction with the conservation equations for species 
mass, momentum, and electron energy, etc.and because the radiative 
transfer depends upon the flowfield solution, either the problem must be 
solved a s  a "time dependent" type of  problem o r  i terat ion on the entire 
flowfield mustr be performed. With the introduction of chemical 
nonequil ibirum, many flowf ield points should be calculated in the 
immediate postshock region and near the wall in order to represent the 
large temperature and species concentration gradients which exist in 
those regions; and this requirment coupled with the complication of 
including radiative transfer usually results in long computational 
t imes. 
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Based upon p r e v i o u s  d e t a i l e d  s o l u t i o n s  ( R e f .  2 , 4 ,  6-91, severa l  
d i s t i n c t i v e  , f e a t u r e s  f o r  r a d i a t i n g  r e a c t i n g  h y p e r v e l o c i t y  s t a g n a t i o n  
r e g i o n  shock l a y e r s  i n  the 11-18 km/sec range can be determined; and 
these are s c h e m a t i c a l l y  represented  on the ske tch  below. 

I I Conduct i n g  I Conduct ing I \  
1 1  I \  
I I Chemical ly  R e l a x i n g  I Chemical E q u i l  i b r i u m  I\ 
I I ( I o n i z a t i o n )  I \  
I I  I I \  
I I  u v e r y  smal l  u v e r y  smal l  I\ 
I I  p approx. cons tan t  I p approx. cons tan t  I\ 
I 1  Te approx. cons tan t  
I I  I Rad 
I I  R a d i a t i v e  T r a n s f e r  OP t 
I 1  Dominated by I the 
I I  S p e c t r a l  Regions 
I I  Having Large I 
I I  A b s o r p t i o n  C o e f f i c i e n t s  Te 
I1 I 
I I Te # TH 

a t i v e  Losses From 
c a l l y  T h i n  P a r t  o f  
Spectrum 

= TH 

Bow Shock Wave End o f  Nonequi lbr ium 
Zone 

I\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
I\ 
Wal l  

T y p i c a l l y  the shock l a y e r  i s  composed o f  a chemical  r e l a x a t i o n  
zone immediate ly  beh ind  the  shock f r o n t  t h a t  is dominated by f i r s t  
i o n i z a t i o n  s i n c e  a t  the v e l o c i t i e s  b e i n g  cons idered d i s s o c i a t i o n  i s  
complete i n  the shock f r o n t  ( R e f .  4 and 1 0 ) .  Whi le  i n  t h i s  r e g i o n  the 
e l e c t r o n  temperature i s  n o t  equal t o  the heavy p a r t i c l e  temperature,  i t  
i s  r e l a t i v e l y  c o n s t a n t .  A lso ,  most o f  the r a d i a t i v e  l o s s e s  occur f rom 
the u l t r a - v i o l e t ,  which i s  c h a r a c t e r i z e d  by l a r g e  a b s o r p t i o n  
c o e f f i c i e n t s ;  and the l a r g e  temperature g r a d i e n t s  s h o u l d  make thermal 
conduction important. Downstream the flow s h o u l d  be in chemical and 
thermal e q u i l i b r i u m ,  and r a d i a t i v e  energy l o s s e s  shou ld  be a s s o c i a t e d  
w i t h  o p t i c a l l y  t h i r d t r a n s p a r e n t  p o r t i o n  o f  the spectrum c h a r a c t e r i z e d  by 
smal l  a b s o r p t i o n  c o e f f i c i e n t s .  

Due t o  the o r i g i n  o f  the r a d i a t i v e  losses ,  the r a d i a t i v e  t r a n s f e r  
can be r e p r e s e n t e d  by a t h i c k - t h i n  approx imat ion  s i m i l a r  t o  t h a t  
f o r m a l i z e d  by O l s t a d  ( R e f .  1 1 ) .  T h i s  approach inc ludes ,  a t  a p o i n t ,  
o n l y  t h a t  p a r t  o f  the spectrum c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  r a d i a t i v e  
c o o l i n g .  Thus, f o r  the nonequi l  i b r i u m  r e l a x a t i o n  r e g i o n ,  the s o l u t i o n  
depends uon the r a d i a t i v e  t r a n s f e r  f rom o n l y  those r e g i o n s  h a v i n g  l a r g e  
a b s o r p t i o n  c o e f f i c i e n t s .  T h i s  zone w i l l  subsequent ly  be r e f e r r e d  t o  as 
the t h i c k  r e g i o n  and i t  w i l l  be c h a r a c t e r i z e d  by the cor respond ing  
op t  i c a l  t h  i ckness c o o r d i n a t e  , r7 . L ikewise ,  the downstream 
e q u i l i b r i u m  r e g i o n  w i l l  o n l y  i n c l u d e  " t r a n s p a r e n t "  r a d i a t i o n  losses ,  
w i l l  be c a l l e d  the t h i n  r e g i o n ,  and w i l l  be c h a r a c t e r i z e d  by the o p t i c a l  
t h i c k n e s s  rt . Wi th  t h i s  approach, s o l u t i o n s  f o r  each r e g i o n  can be 
o b t a i n e d  separate y.  T h i s  approach has been used i n  the p a s t  f o r  
e q u i l i b r i u m  ( R e f .  1 1 )  shock l a y e r s ,  and f o r  f r o z e n  and r e a c t i n g  f l o w  

3 



beh ind  normal shock waves ( R e f .  12-13); and a r e l a t e d  l a y e r i n g  approach 
has been used f o r  non-conduct ing n o n e q u i l i b r i u m  f lows ( R e f .  8 ) .  

(For  the purposes o f  the a b s t r a c t ,  many d e t a i l s  w i l l  be o m i t t e d  
i n  the f o l l o w i n g  d i s c u s s i o n .  The f i n a l  paper w i l l  c o n t a i n  a complete 
d i s c u s s i o n  and, where a p p r o p r i a t e ,  the necessary j u s t i f i c a t i o n s . )  Based 
upon the above d i s c u s s i o n  and sketch,  severa l  s i m p l i f y i n g  approx imat ions  
can be made. S p e c i f i c a l l y ,  assuming d i s s o c i a t i o n  complete i n  the shock 
f r o n t ,  ambipolar d i f f u s i o n ,  cons tan t  pos t  shock pressure ,  and t h a t  i n  
the n o n e q u i l i b r i u m  zone t h a t  the e l e c t r o n  temperature i s  cons tan t ,  the 
energy equat ion  can be uncoupled from the momentum e q u a t i o n  and the 
e l e c t r o n  energy equat ion .  N e x t ,  the equat ion  can be "uncoupled" from 
the c o n t i n u i t y  equat ion  by u s i n g  the t r a n s f o r m a t i o n  o f  ( iou lard ( R e f .  1 4 )  

(2 )  

which has been shown t o  be approx imate ly  t r u e  even i n  the v i s c o u s  
r a d i a t i n g  case ( R e f .  1 5 ) .  

Then, i f  the equat ion  i s  t ransformed t o  an o p t i c a l  depth c o o r d i n a t e  
system v i a  

dll& - / 

under the assumptions o f  cons tan t  P r a n d t l  number and t h a t  p =1 
i t  i s  even f u r t h e r  s i m p l i f i e d .  However ,  i t  s t i l l  c o n t a i n s  thermal 
conduct ion ,  r a d i a t i v e  t r a n s f e r ,  chemical and thermal n o n e q u i l i b r i u m ,  and 
a v a r i a b l e  a b s o r p t i o n  c o e f f i c i e n t .  I n  the s p i r i t  o f  the t h i c k - t h i n  
approx imat ion,  the l a t t e r  i n  the t h i c k  c h e m i c a l l y  r e a c t i n g  zone 
immediate ly  beh ind  the shock f r o n t  can be approx imated as 

where Ky, i s  the a b s o r p t i o n  c o e f f i c i e n t  o f  the t h i c k  n o n e q u i l i b i r u m  
zone eva lua ted  immediate ly  beh ind  the shock f r o n t  u s i n g  the e l e c t r o n  
temperature and assuming d i s s o c i a t i o n  complete i n  the f r o n t .  T h i s  
approx imat ion  corresponds t o  assuming a cons tan t  a b s o r p t i o n  c r o s s  
s e c t i o n  f o r  the r e g i o n ,  and y e t  i t  r e t a i n s  v i a  the  d e n s i t y  dependence 
the dependence o f  $upon the f l o w  p r o p e r t i e s .  

Next ,  s i n c e  i t  i s  assumed t h a t  the r a d i a t i v e  t r a n s f e r  i n  the t h i c k  
zone i s  dominated by s p e c t r a l  r e g i o n s  h a v i n g  l a r g e  a b s o r p t i o n  
c o e f f i c i e n t s ,  these r e g i o n s  can be r e p r e s e n t e d  as a g r a y  gas s tep  

T h i s  express ion  can be approximated i n  the t h i c k  r e g i o n  by r e p l a c i n g  
E l ( x )  w i t h  the exponent ia l  approx imat ion  2exp(-2x> and by r e p r e s e n t i n g  

, a t  the p o s t  the r e g i o n a l  source f u n c t i o n ,  S r  , as a cons tan t ,  % 
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shock value since the electron temperature i s  assumed constant in the 
thick region. Thus, for the thick region 

The energy equation for the nonequilibrium zone can be further 
approximated and "uncoupled" from the chemistry by assuming that the 
degree of ionization, 6 , can be represented a s  

where is the downstream equilikbrium condition and B i s  determined 
by correlation with experimental relaxation data (Ref. 1 0 ) .  T h i s  form 
is based upon previous detailed results (Ref. 4, 6-91 and should yield 
phenomenologically correct profiles;. The important point is that it 
uncouples the species production and energy equations and permits a 
solution of the latter. 

4 ~ 9  

Thus, for the nonequilibrium thick region immediately behind the 
shock front the approximate energy equation i s  

and all flow quantities have been nondimensionalized by appropriate post 
shock values immediately behind the front and the reference length L is 
the inviscid radiationless shock detachment distance if h is constant 
throught the layer at the immediate completely dissociated but 
nonequilibrium post shock value. The appropriate boundary conditions 
for Eq. ( 8 )  are 

and 
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( 1 0 )  

Note t h a t  the shock boundary c o n d t i o n  n o t  o n l y  inc ludes  conduct ion  
e f f e c t s  ( R e f .  16-17) b u t  a l s o  i n d i r e c t l y  i n c l u d e s  r a d i a t i v e  and chemical  
e f f e c t s  s ince  i t  depends upon the form o f  the s o l u t i o n .  L ikewise ,  the 
downstream boundary c o n d i t i o n  corresponds t o  complete e q u i l i b r i u m  
account ing  f o r  energy l o s s e s  due t o  r a d i a t i o n .  

For the e q u i l i b r i u m  o r  t h i n  r e g i o n  between the w a l l  and the end o f  
the nonequ i 1 i b r  i um zone, the absorp t ion  c o e f f  i c i en t can be approx imated 

( 1 1 )  

where the s u b s c r i p t  0 denotes c o n d i t i o n s  a t  the s t a r t  o f  the t h i n  
r e g i o n .  Also i n  t h i s  r e g i o n  the r a d i a t i v e  t r a n s f e r  can be approximated 
as 

c 12) 

where E t o  
zone. 

i s  the r a d i a t i v e  emiss ion loss a t  the b e g i n n i n g  o f  the t h i n  

Now f o r  the e q u i l i b r i u m  zone, i t  i s  approx imate ly  t r u e  f o r  the 
c o n d i t i o n s  cons idered i n  t h i s  paper t h a t  the degree o f  i o n i z a t i o n , &  , 
can be represented  as a f u n c t i o n  o f  nondimensional  e n t h a l p y  i n  a ser ies 
o f  l i n e a r  segments. For t h i s  i n i t i a l  i n v e s t i g a t i o n  s i n c e  f i r s t  
i o n i z a t i o n  processes dominate the c h e m i s t r y  over most o f  the e q u i l i b r i u m  
zone, t h i s  r e l a t i o n s h i p  can be approximated as 

e = a T  t6 (13) 

and a and b can be s e l e c t e d  t o  c l o s e l y  approximate a i r  thermodynamic 
data.  As a consequence the approximate d i f f e r e n t i a l  e q u a t i o n  f o r  the 
t h i n  e q u i l i b r i u m  r e g i o n  i s  

( 1 4 )  

- 
where the a p p r o p r i a t e  boundary c o n d i t i o n s  are  upstream h, and a t  the  
w a l l  , T=Twall . 
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Eqs. (8 )  and ( 1 4 )  can be w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form t o  fo rm 
sets of t r i d i a g o n a l  equat ions .  The t h i n  equat ion,  Eq, ( 1 4 ) ,  however, i s  
n o n l i n e a r  due t o  the r a d i a t i o n  t e r m  and must be s o l v e d  u s i n g  a 
Newton-Raphson i t e r a t i v e  technique,  A f t e r  s o l u t i o n ,  the p h y s i c a l  
c o o r d i n a t e s  cor respond ing  t o  the o p t i c a l  depth s c a l e s  used i n  the 
equat ions  can be o b t a i n e d  from i n t e g r a t i o n  o f  the t r a n s f o r m a t i o n s .  

Once the f l o w f i e l d  s o l u t i o n  has been ob ta ined,  i t  can be used t o  
compute r a d i a t i v e  and c o v e c t i v e  heat t r a n s f e r  t o  the w a l l .  Fo r  the 
r a d i a t i o n ,  i t  i s  convenient  t o  represent  the spectrum by a s e r i e s  of 
gray gas s teps ,  i . e .  ,,hac 

I n  the present  case, the f i v e  s tep  s p e c t r a l  a b s o r p t i o n  c r o s s  s e c t i o n  
model o f  Reference 18 has been used and the E2 f u n c t i o n  has been 
approximated. However, s i n c e  t h i s  g r a y  gas s tep  model was developed 
assuming the gas t o  be i n  chemical e q u i l i b r i u m ,  i t  must be m o d i f i e d  
b e f o r e  i t  can be a p p l i e d  t o  the n o n e q u i l i b r i u m  p a r t  o f  the s t a g n a t i o n  
l a y e r .  As w i l l  be shown i n  the complete paper, where K l r e p r e s e n t  the 
a b s o r p t i o n  c o e f f i c i e n t ,  NA i s  the atom number d e n s i t y ,  6i  i s  the c r o s s  
s e c t i o n ,  B;is the Planck f u n c t i o n  f o r  the s tep ,  and i s  the  degree of 
i o n i z a t i o n ,  the c o r r e c t i o n s  are  as f o l l o w s :  

Region 1: 620-110 A. Since most o f  the processes cons idered i n  t h i s  
s t e p  a re  cont iuum i n v o l v i n g  the ground s t a t e ,  

I 

Region 2: 1100-1300. T h i s  r e g i o n  i s  n o t  p r e s e n t l y  i n c l u d e d  b u t  w i l l  be 
f o r  the f i n a l  paper. 

Region 3: 1300-1570 A. Since t h i s  r e g i o n  accounts f o r  VW l i n e s  and the 
lower  s t a t e  i s  n o t  the ground s t a t e  

Region 4: 1570-7870 A .  T h i s  r e g i o n  i n c l u d e s  cont inuum f r e e - f r e e  and 
free-bound e x c i t e d  s t a t e s .  Thus 

. .  

4 
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s = 8., 
9 

Region 5: 7870- 9552 A .  This region accounts for infrared line 
radiation. Thus 

represents the degree of ionization which 

Notice that all of these corrections 

In these expressions, 

electron temperature. 
significantly reduce the source terms or the absorption coefficients in 
regions of nonequilibrium. O f  course, any appropriate grey gas step 
model could be used. Other examples are given in References 19 and 20. 

would exist if the flow re in equilibrium at the local pressure and 

The above stagnation point formulation has been programmed in BASIC 
and solved for a variety of cases using an Apple 1 1 +  computer. Typical 
solution times using 100 points in the nonequilibrium thick region and 
100 points in the thin equilibrium zone are: 

Flowf ield Solution and Plots: 40 seconds 
Calculation of Radiative Heat 

Transfer by 5 step model: 70 seconds 
Write Output and Plot to Disk: 60 seconds. 

In the final paper, details concerning the selection of input 
parameters etc, will be presented. 

Results (Preliminary) 

In this section, a series of initial results will be presented an 
discussed. These results will be amplified considerably in the final 
paper. 

The present approximate method has been applied to a series of 
cases for a freestream velocity of 16 km/sec. These cases were selected 
to be approximately representative of a small to midsize Martian return 
AOTU or other hypervelocity entry vehicle having a nose radius around 
200 cm. and a wall temperature of 1645 deg K ;  and results have been 
obtained for altitudes from 55 km to 80 km., in 5 km increments. Figure 
1 shows temperature and degree of ionization profiles for three 
different altitudes. On these figures, the sol id curves are the thick 
(nonequilibrium) zone and the dotted portions are the thin !equilibrium) 
region. As can be seen on Figure l(a1, at the lower altitudes, the 
stagnation region is prima.rily in chemical equilibrium. However, the 
region is not isothermal and considerable radiative cool ing is present 
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as i n d i c a t e d  by the decrease i n  temperature and & . (The e n t h a l p y  i s  
p r o p o r t i o n a l  t o  T ( l + t  ) .  So the en tha lpy  decrease due t o  r a d i a t i v e  
c o o l i n g  i n  t h i s  case i s  q u i t e  s i g n i f i c a n t . )  Note t h a t  the p l o t t e d  
temperature immediate ly  beh ind  the shock f r o n t  i s  the temperature a f t e r  
d i s s o c i a t i o n  and i n c l u d e s  thermal conduct ion e f f e c t s  due t o  the boundary 
c o n d i t i o n .  For t h i s  p a r t i c u l a r  s o l u t i o n ,  cons iderab le  s e n s i t i v i t y  o f  
the t h i c k  s o l u t i o n  t o  s t e p  s i z e  was encountered and f o r  the r e s u l t s  
shown 1 0 0  p o i n t s  w e r e  used i n  the t h i c k  zone. T h i s  t y p e  o f  s e n s i t i v i t y  
migh t  be v e r y  impor tant  i n  Navier -Stokes codes which o f t e n  use shock 
c a p t u r i n g  and r e l a t i v e l y  coarse g r i d s .  

F i g u r e s  l ( b >  and I:c) show s i m i l a r  r e s u l t s  a t  70 and 80 km 
respec t  i v e l r .  As would be expected, as a1 t i tude inc reases  the p o s t  
shock nonequi 1 i b r i u m  zone and the w a l l  thermal l a y e r  increase i n  s i z e  
and the r a d i a t i o n  c o o l i n g  decreases, B y  80 km. the e n t i r e  s t a g n a t i o n  
l a y e r  i s  dominated by n o n e q u i l i b r i u m  and/or w a l l  conduct ion  e f f e c t s .  

One o f  the p o s s i b l e  a p p l i c a t i o n s  o f  the present  approximate method 
i s  t o  determine the e f f e c t s  o f  v a r i o u s  parameters on s t a g n a t i o n  p o i n t  
r a d i a t i v e  heat  t r a n s f e r .  F i g u r e  2 shows the v a r i a t i o n  o f  r a d i a t i v e  heat  
t r a n s f e r  w i t h  a l t i t u d e  f o r  the present  s e r i e s  o f  cases. ( U n i t s  on OR a r e  
w a t t d s q u a r e  c e n t i m e t e r . )  

Now comparison o f  v a r i o u s  s t e p  models ( R e f .  18-20) i n d i c a t e  t h a t  
they  are  i n  reasonable agreement when a p p l i e d  t o  c o n d i t i o n s  s i m i l a r  t o  
those f o r  which they  w e r e  i n i t i a l l y  developed. T y p i c a l l y ,  these a r e  
pressures  o f  10-20 atmospheres and p a t h  l e n g t h s  o f  3 cm or  less.  
U n f o r t u n a t e l y ,  when they  are  a p p l i e d  t o  c o n d i t i o n s  such as the present  
70 km case o f  subatmosher ic p ressure  and a s t a n d o f f  d i s t a n c e  o f  11.4 cm, 
these s tep  models g i v e  w i d e l y  d i f f e r e n t  answers, p a r t i c u l a r l y  f o r  the 
vacuum u l t r a - v i o l e t  cont inuum and VUV l i n e s .  T h i s  d i f f e r e n c e  i s  i n  
s p i t e  o f  the f a c t  t h a t  a l l  o f  them w e r e  developed u s i n g  s i m i l a r  
procedures and w e r e  des igned t o  y i e l d  r e s u l t s  ( i . e .  r a d i a t i o n  cross 
s e c t i o n s )  independent o f  p ressure .  A p p a r e n t l y  the d i f f e r e n c e s  i n  f 
numbers, band w i d t h s ,  and number o f  bands i n  these models becomes 
s i g n i f i c a n t  a t  the h i g h  a l t i t u d e  h y p e r v e l o c i t y  c o n d i t i o n s  b e i n g  
considered.  I n  t h i s  r e s p e c t ,  the more r e c e n t l y  o b t a i n e d  f numbers 
r e f e r r e d  t o  i n  R e f .  21 c o u l d  perhaps be used w i t h  the d e t a i l e d  r a d i a t i o n  
code o f  R e f .  22 t o  o b t a i n  b e t t e r  s t e p  models, p a r t i c u l a r l y  i n  the 
u l t r a - v i o l e t  p o r t i o n  o f  the spectrum, 

As  a consequence o f  these p o s s i b l e  d isc repenc ies ,  the r a d i a t i v e  
heat  t r a n s f e r  from the v i s i b l e  and i n f r a r e d  p o r t i o n s  o f  the spectrum has 
been p l o t t e d  s e p a r a t e l y  on F i g u r e  2. (The d i f f e r e n c e  i s  e s s e n t i a l l y  the 
W c o n t r i b u t i o n . )  As can be seen, as the  v e h i c l e  descends the p r e d i c t e d  
v i s i b l e  p l u s  I R  heat  t r a n s f e r  changes by about f o u r  o r d e r s  o f  magnitude 
w h i l e  the percentage o f  the t o t a l  r a d i a t i v e  heat  l o a d  due t o  the UU 
decreases. 

I n  o rder  t o  approx imate ly  o b t a i n  an i n d i c a t i o n  o f  the e f f e c t  o f  
the w a l l  thermal boundary l a y e r  on the r a d i a t i v e  heat t r a n s f e r ,  r e s u l t s  



w e r e  ob ta ined f o r  the 70 km case assuming a w a l l  temperature of 13000 
deg. K .  Comparison o f  t h i s  n e a r l y  isothermal  r e s u l t  w i t h  the 164'5 deg K 
w a l l  temperature i s  impor tan t  because severa l  i n v e s t i g a t o r s  have assumed 
t h a t  the " c o 0 1 ~  w a l l  thermal l a y e r  would absorb a s i g n i f i c a n t  amount o f  
the r a d i a t i o n  and s h i e l d  the w a l l .  The present  r e s u l t s  are as f o l l o w s :  

Res i on 01: 1645>/G'! 13OCIO) 
VUU Con t i nuum 0.001 
Vll tr  L i n e s  
V i  s i  b l  e 
IR L i n e s  

0 .919  
0.948 
0 .?51 

These da ta  i n d i c a t e  t h a t  the VllU cont inuum r a d i a t i o n  i s  indeed absorbed 
i n  the ou ter  p o r t i o n  o f ,  the boundary l a y e r  and t h a t ,  as expected, the 
v i s i b l e  and IR 1 ine c o n t r i b u t i o n s  are  e s s e n t i a l l y  u n a f f e c t e d .  

Conclusions about the UUU l i n e s ,  however, a re  n o t  obv ious.  Since 
the present  approximate s o l u t i o n  does n o t  y e t  i n c l u d e  molecules,  i t  can 
o n l y  be s t a t e d  t h a t  the present  r a d i a t i o n  model i n d i c a t e s  t h a t  n i t r o g e n  
atoms w i l l  n o t  a t t e n u a t e  the UW l i n e  r a d i a t i o n  i n  the  w a l l  thermal 
boundary l a y e r .  The e f f e c t  o f  mo lecu la r  spec ies  on UUV l i n e  r a d i a t i o n  
needs t o  be determined s i n c e ,  as shown on F i g u r e  2, the source o f  heat  
t r a n s f e r  c o u l d  be v e r y  s i g n i f i c a n t ,  W i t h  r e s p e c t  t o  the UW, i t  s h o u l d  
be n o t e d  t h a t  the measurements o f  Wood e t  a1 ( R e f .  23) and r e c e n t  
computat ions f o r  the F i r e  2 v e h i c l e  by B i r d  ( R e f .  24) and S u t t o n  ( R e f .  
251 i n d i c a t e  s i g n i f i c a n t  s t a g n a t i o n  p o i n t  h e a t i n g  f rom the u l t r a - v i o l e t .  

Since the  magnitude o f  v a r i o u s  r a d i a t i v e  p r o p e r i t e s  a re  u n c e r t a i n ,  
some paramet r ic  s t u d i e s  have been conducted a t  the nominal  c o n d i t i o n  o f  
16 km/sec a t  70 km. As  shown, a decrease i n  the r a d i a t i o n  c r o s s  s e c t i o n  
f o r  VUJ l i n e s  reduced the t o t a l  h e a t i n g  by 71%. On the o t h e r ,  hand 
d o u b l i n g  o f  the v i s i b l e  band r a d i a t i v e  c r o s s  s e c t i o n  o n l y  inc reased the  
h e a t i n g  i n  the v i s i b l e  and I R  by 17.6  percent  w h i l e  an order  o f  
magnitude change caused a 110% change i n  the v i s i b l e  and I R  
c o n t r i b u t i o n .  However ,  s i n c e  inc reased v i s i b l e  emiss ion inc reases  
r a d i a t i v e  c o o l i n g ,  the t o t a l  h e a t i n g  f o r  these cases was a c t u a l l y  
reduced by 3.6% and 22.2% r e s p e c t i v e l y .  Qu i te  o b v i o u s l y ,  accura te  
r a d i a t i v e  c r o s s  s e c t i o n s  and models w i l l  have t o  be developed b e f o r e  
t o t a l  r a d i a t i v e  heat  t r a n s f e r  p r e d i c t i o n s  can be a c c u r a t e l y  made f o r  
these c o n d i t i o n s .  

F i n a l l y ,  w i t h  r e s p e c t  t o  F i g u r e  2 ,  i t  shou ld  be n o t e d  t h a t  f o r  the 
c o n d i t i o n s  shown p r e d i c t i o n s  f o r  c o n v e c t i v e  heat  t r a n s f e r  by the present  
approximate model a r e  -- 55 km, 587 wat ts /sq  cm, l o g  va lue  2.76;  70 km, 
226 w a t t d s q  cm,  l o g  va lue  2.35 ,  and 80 km, 98 wat ts /sq  cm ( l o g  va lue  
1.99). These shou ld  be viewed a t  bes t  as n o n c a t a l y t i c  w a l l  es t imates .  
I n  any event ,  they i n d i c a t e  t h a t  f o r  these c o n d i t i o n s  r a d i a t i v e  heat  
t r a n s f e r  i s  p r o b a b l y  the dominant mechanism. 

R e s u l t s  showing the e f f e c t  o f  shock detachment d i s t a n c e  or  v e h i c l e  
nose r a d i u s  on f l o w f i e l d  p r o f i l e s  and heat  t r a n s f e r  a re  shown on F i g u r e s  
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3 and 4 .  (For the paper,  F i g u r e  3(a -c>  w i l l  be combined on one p l o t . )  
As expected, as nose r a d i u s  decreases a h i g h e r  percentage o f  the shock 
1 a y e r  i s  a f f e c t e d  by nonequ i 1 i br i um and thermal boundary 1 ayer phenomena 
which should be accompanied by a decrease i n  r a d i a t i v e  heat  t r a n s f e r  and 
an increase i n  convec t ive  h e a t i n g .  F i g u r e  4 ( a )  shows t h a t  the p r e d i c t e d  
t o t a l  r a d i a t i v e  h e a t i n g  decreases by over 60% as the detachment d i s t a n c e  
i s  decreased by a f a c t o r  o f  4 .  N o t i c e  t h a t  the r a t e  o f  d e c r e a s e  i s  
n o n l i n e a r  due t o  p r i m a r i l y  s e l f  a b s o r p t i o n  e f f e c t s  i n  the u l t r a - v i o l e t .  
THe v a r i a t i o n  i n  the h e a t i n g  f rom the v i s i b l e  and 1R p a r t s  o f  the 
spectrum i s ,  however, a lmost 1 inear  i n d i c a t i n g  t h a t  these r e g i o n s  are  
for  these c o n d i t i o n s  e s s e n t i a l l y  o p t i c a l l y  t h i n .  F i n a l l y ,  the p r e d i c t e d  
convec t ive  h e a t i n g  increased f rom 226 watts /sq cm f o r  l, =11.42 cm t o  331 
watts/E.q cm a t  5.75 cm t o  477 wat ts /sq  cm a t  gs = 2.92 cm, thus  
f o l l o w i n g  the expected square r o o t  dependence on nose r a d i u s .  

U n f o r t u n a t e l y ,  v e r y  l i t t l e  exper imenta l  da ta  e x i s t s  f o r  c o n d i t i o n s  
a p p l i c a b l e  t o  the p r e s e n t  model. However, da ta  i s  a v a i l a b l e  f o r  the 
F i r e  2 f l i g h t  exper iment .  As a r e s u l t  the present  model has been 
a p p l i e d  t o  the F i r e  2 t r a j e c t o r y  f o r  the p e r i o d  from 1632 seconds a f t e r  
launch (11 .36  km/sec a t  76.42  km) u n t i l  1642 seconds (10.71 km/sec a t  
55.48 km); and the r e s u l t s  are compared w i t h  the v i s c o u s  shock l a y e r  
computat ions o f  Gupta ( R e f .  31, which agree v e r y  w e l l  w i t h  the f l i g h t  
data,  f o r  the r a d i a t i v e  heat  t r a n s f e r  i n  the v i s i b l e  and i n f r a r e d  
r e g i o n s .  As  can be seen, the agreement between the two sets of  r e s u l t s  
i s  s u r p r i s i n g l y  good. I t  s h o u l d  a l s o  be no ted  t h a t  the present  r e s u l t s  
a re  i n  reasonable agreement w i t h  the F i r e 2  DSMC computat ions of B i r d  
( R e f .  24) n o t  o n l y  i n  the v i s i b l e  and I R  regime b u t  a l s o  i n  the 
u l t r a - v i o l e t  and f o r  c o n v e c t i v e  heat  t r a n s f e r .  

I n  the f i n a l  paper,  a d d i t i o n a l  paramet r ic  r e s u l t s  c o v e r i n g  a 
v e l o c i t y  range o f  12 km/sec t o  18 km/sec w i l l  be presented.  

Summary 

Approx imat ions appl  i c a b l e  t o  r a d i a t i n g ,  r e a c t i n g ,  and conduct ing  
s t a g n a t i o n  r e g i o n  of a h y p e r v e l o c i t y  v e h i c l e  have been i n c o r p o r a t e d  i n t o  
a method f o r  r a p i d l y  o b t a i n i n g  approximate s o l u t i o n s .  T h i s  s o l u t i o n  
u t i l i z e s  a c o o r d i n a t e  system based upon the o r i g i n  of the  r a d i a t i v e  
l o s s e s  and i n c l u d e s  i n  a phenomenologica l ly  c o r r e c t  manner the e f f e c t s  
o f  chemical  and thermal n o n e q u i l i b r i u m ,  and n o n e q u i l i b r i u m ,  nongray 
r a d i a t i v e  t r a n s f e r .  R e s u l t s  have been presented which demonstrate the 
u s e f u l l n e s s  o f  the method and i n d i c a t e  which r a d i a t i o n  parameters 
r e q u i r e  f u r t h e r  s t u d y  and d e f i n i t i o n .  E x c e l l e n t  c m p a r i s o n s  have been 
o b t a i n e d  w i t h  p u b l i s h e d  r e s u l t s  f o r  the F i r e 2  data.  
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Figure l(a) -- Stagnation Region Temperature and Ionization 
Profiles for an Altitude o f  60 km. 
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Stagnation Region Temperature and Ionization Profiles 
for An A1 titude o f  80 km 
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Figure 3 ( a )  -- Stagnation Region Temperature and Ionization 
Profiles f o r  Shock Detachment Distance 
of 11.42 cm. 
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EXT ENDED AB ST RACT 

Introduction 

In the future aero-assisted orbital transfer vehicles (AOTUs) 
will be used to operate, supply, maintain, and man satellites and space 
stations and to return from lunar and M a r s  missions. Those vehicles 
descending from geosynchronous to high or low earth orbit will operate 
in the entry and aero-assisted mode at velocities ranging from 7 to 1 1  
km/sec at altitudes of 70 to 100 km., with a nominal entry velocity of 
10 km/sec and peak dynamic pressure occuring at 75 km. Likewise, AOTVs 
returning from the Moon o r  M a r s  will enter at higher nominal velocities, 
1 1  k d s e c  for lunar return and 13.5 to 16 km/sec for Martian return; 
and, thus, they will have a wider operating range from 7 to 18 k d s e c  at 
60 to 100 km. 

Ubviously, in order to efficiently design and operate such vehicles 
not only must the important factors affecting the vehicle flawfields be 
understood but also methods for rapidly predicting them must be 
available. While the corner and afterbody flows for such vehicles are 
complicated and highly rotational and viscous, the forebody flow 
structure thru much of the entry flight profile i s  dominated by 
nonequilibrium chemistry and radiation; and these phenomena m a y  
significantly affect the heat transfer to and perhaps the aerodynamics 
of the vehicle. 

In many cases, detailed three dimensional nonequil ibrium viscous 
computations of AOTU flowfields will be required in order to obtain 
complete understanding of various phenomena o r  to finalize a design. 
Such detailed computations, typically using the Navier-Stokes equations 
(Ref. 11, are extremely lengthy often requiring many hours of 
supercomputer time. In addition, while some o f  these methods include 
nonequilibrium chemistry, few include the effects of such nonequilibrium 
phenomena as vibration dissociation coupling and electron thermal 
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nonequilibrium; and because of their lengthy computational times, these 
detailed methods are unweildy for evaluating or developing models and 
approximations representing these nonequilibrium phenomena. Further, 
only a few have attempted to include radiative treat transfer (Ref. 2 ) .  

This paper will discuss one portion of an initial effort to 
evaluate arld develop modelr and approximations for nonequil ibrium 
chemical and radiating flows a.ssociated with AOT’Js returning from 
crbital, lunar, and Ma,rtian rriissions and will be applicable to entry 
velocitiez ranging nominally from 7 km/sec to 10 km/sec. (Reference 3 
will present results associated with the 10.5 to 18 km/sec regime.) T h e  
objectiues of this initial phase of the effort are to investigate and 
compare various vibration dissociation chemistry coupling models and 
radiative heat transier approximations and determine the similarities, 
differences, and consquences of using these models in the AOTV flight 
regime. 

Approach 

As indicated above, in order to investigate various vibration 
dissociation coupling and radiative heat transfer models efficiently, 
the use of a rapid flowf ield solver is essential . After considering 
various possibilities, it  w a s  decided to use an inviscid nonequilibrium 
chemistry axisymmetric inverse method (Ref. 4 )  a s  the basic Euler 
equation flow solver. T h i s  method has been modified and extended to 
include a s  options various vibration dissociation coupling, shock jump, 
radiative heat transfer, and electron temperature models. Since this 
method can be easily used on a micro or mini-computer, it is 
computationally efficient; and it  permits the study of user selected 
individual streamlines when the entire flowfield is not needed. In 
addition, a s  shown on Figure 1 ,  this method can adequately model the 
forward face of the aero-assisted flight vehicle ( A F E )  a s  a 60 degree 
axisymmetric blunted cone. 

Currently, this method is being used to study and evaluate five 
vibration dissociation chemistry coupling models -- vibrational 
equilibrium, coupled vibration dissociation CCVDZ which includes 
vibrational nonequilibrium and its effect on dissociation, coupled 
vibration dissociation vibration (CVDU) which additionally accounts for 
the effect of dissociation on vibrational energy, CUDU Preferential 
which assigns a higher probability of dissociation to higher vibrational 
energy leuels, and a Chul Park like model. T h e  latter is similar to 
CVDV but uses a modified collisional term and a different form for the 
vibrational relaxation time correlation. These models are discussed in 
detail in References 2 and 5. 

T h e  inverse method is also being used to evaluate, and if neceE.sary 
develop, various electron temperature models. I n  this context, the 
pharse electron temperature refers to a temperature representing both 
the bound electronic temperature and the characteristic temperature of 
the free electrons. In the nonequilibrium flow associated with the 
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front face of an AOTV/AFE vehicle, it is anticipated that over much of 
the nonequilibrium portion the electron temperature will be different 
and lower than the local heavy particle or translational temperature. 

Among those models being considered is one in which the electron 
excitation is initially dominated b y  atom-molecule c o l  isions after which 
the electron temperature is controlled by uibrational-electronic 
coupling (Ref. 6). I t  is anticipated that this specific model should be 
most applicable to the lower velocity and temperature regime near the 
end o f  the AOTU entry, although similar models may have a wider range of 
applicability. Others being investigated are equating the electron 
temperature to the local ni trogen vi brat ional temperature, under the 
assumption of strong vibration-electronic coupling, or letting the 
electron temperature be some constant value or the translational 
temperature, whichever is lower. The latter approximation is based upon 
the results of detailed studies for m o n o a t m i c  gases (Ref. 7) and for 
nitrogen !Ref. 8)  in which the electron temperature w a s  computed using a 
separate but highly coupled and detailed energy equation. 

In the area of radiation, several different models have been 
incorporated into the inverse approach and are being used to compute 
under the tangent slab approximation the radiative heat transfer to the 
model AFE vehicle in Figure 1. T h e  "simplest" of these is an optically 
thin radiance model (Ref. 9 )  which accounts for thirteen different 
phenomena including molecular bands, nitrogen and oxygen free-bound and 
bound-bound processes, and various free-free phenomena. In addition, 
three different non-gray gas step models, which account for the effects 
of self-absorption in the computation of the heat transfer, are being 
investigated. ( I t  should be noted that for the 7-10 km/sec AOTV regime 
self-absorption effects m a y  be important in the body heat transfer, but 
the total radiative losses should be too small to induce any significant 
gasdynamic coupling.) Two of these models, a two step (Ref. 10)  and a 
fiue step (Ref. 1 1 )  model are based on h i g h  temperature nitrogen and 
should be representative of high temperature air at temperatures above 
eight to ten thousand degrees Keluin. T h e  third model, however, uses 
eight steps (Ref. 12) ,  w a s  developed for high temperature air, and 
includes both atomic and molecular emission-absorption. Each of these 
models can be used with the various different electron temperature 
models and initially assumes that nonequilibrium effects can be 
approx imated by using the 1 ocal el ec tron temperature and 1 ocal spec i e s  
concentrations. This approach is conservative in that its usage should 
predict higher radiative heat transfer levels than would actually occur 
(Ref. 3). T h e  effect of using correction factors for nonequilibrium 
effects on the source functions and absorption coefficients will be 
included in the final paper. 
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Preliminary Results 

In this section some preliminary results will be presented and 
discussed. All of these results were obtained using a 7 species ,142, 
02, N, 0, NO, NO+, and e )  6 reaction chemistry model. Results for the 
final paper will also include N2+, I d + ,  and Ot and at least four 
additional react ionr. .  

Figure 2 shows the body, shock, and some typical streamlines in the 
stagnation region. Most of the flowfield profiles which follow will be 
for the streamline marked :ZS=1.5, which crosses the bow shock 1.5 cm 
above the centerline; and these preliminary profiles will be plotted 
versus X ,  which is the coordinate along the shock waue. The 
correspondence between X values and locations on the streamline are 
noted on Figure 2. 

Figures 3(a) and !b) compare temperatures obtained with the CVDV 
vibration dissociation coupling model with those obtained assuming 
vibrational eQUilbriUm for conditions near the end of an AOTV entry. 
(Here TU represents the N2 vibrational temperature.) While the 
trans1 at i onal temperature in the v i brat i onal equ i 1 i br i urn case decreases 
faster a s  expected, it is interesting to note that the electron 
temperature is almost identical in both cases. In addition, for the 
conditions shown, the electron temperature is considerably different 
than the nitrogen vibrational temperature. Thus, for this situation, it  
would probably would be inappropriate to compute radiative heat transfer 
using the CUW predicted nitrogen vibrational temperature a s  the 
electron temperature. 

Figure 4 shows T and TV(NZ) profiles for a trajectory condition 
near the beginning of the entry, 10 km/sec at 80 km,, again using the 
CUW model. Note that for this case and model that the nitrogen 
vibrational temperature peaks at over 20,000 deg. K v e r y  close to the 
shock front. Also, while not shown, comparison of  these results with 
those obtained assuming vibrational equilibrium indicate that the 
translational temperature profiles for the two models are almost 
identical except very close t o  the shock front. 

However, examination of the corresponding concentration profiles, 
Figures 5(a) and 5(b), show that the molecular nitrogen dissociation is 
strongly affected (i.e. slowed down) by vibrational nonequilibrium 
effects. Since the resultant radiative heat transfer will to a great 
extent depend upon the concentrations of N2 and N, these differences 
could significantly affect N2 band and N line and continuum radiation. 
(These effects will be discussed in the final paper.) In addition, the 
NO, NO+, and e concentrations are significantly different between the 
two models. For example, the NO peak mass. franction value is 0.024 for 
the CUDU model and 0.0396 f o r  the vibrational equilibrium case. These 
differences may signif icantlr affect contributions from the N O  Beta and 
Gamma radiation bands. 
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Some p r e l i m i n a r y  r e s u l t s  have a l s o  been o b t a i n e d  u s i n g  a model 
s i m i l a r  t o  t h a t  proposed by Park ( R e f .  2 ) .  I n  these i n i t i a l  
computat ions the m o d i f i c a t i o n s  assoc ia ted  w i t h  the n i t r o g e n  v i b r a t i o n a l  
r e l a x a t i o n  t i m e  and the c o l l i s i o n a l  t e r m  i n  the CUD'J v i b r a t i o n a l  energy 
equat ion  have been inc luded.  However, the d i s s o c i a t i o n  r e a c t i o n s  a r e  
a.ssumed t o  be c o n t r o l l e d  by the t r a n s l a t i o n a l  temperature r a t h e r  than an 
average temperature based upon the square r o o t  o i  the produc t  of the 
t r a n s l a t i o n a l  arid n i t r o g e n  v ib ra . t iona1 temperatures.  The l a t t e r  w i l l  be 
i n c o r p o r a t e d  i n t o  the model and r e p o r t e d  on i n  the f i n a l  p a p e r .  The 
r e s u l t i n g  temperature p r o f i l e s  and the n i t r o g e n  c o n c e n t r a t i o n  p r o f i l e s  
are shown on F i g u r e s  L and 7,  again f o r  the s t r e a m l i n e  which crosses the 
shock f r o n t  a t  1.5 cm above the c e n t e r l i n e .  

Comparison o f  these r e s u l t s  w i t h  those shown on F i g u r e s  4 and 5 
r e v e a l s  severa l  i n t e r e s t i n g  f e a t u r e s .  F i r s t ,  as would be expected, the 
Park  v i b r a t i o n a l  model r e s u l t s  i n  a s lower r a t e  o f  n i t r o g e n  d i s s o c i a t i o n  
and, t h e r e f o r e ,  inc reases  the s i z e  o f  the ,  n o n e q u i l i b r i u m  zone. 
Consequently the t r a n s l a t i o n a l  temperature and N2 c o n c e n t r a t  ions  are  
h i g h e r  and the N c o n c e n t r a t i o n s  are  lower throughout  the r e g i o n  shown 
than the cor respond ing  CUD'S r e s u l t s ,  The most i n t e r e s t i n g  r e s u l t ,  
however, i s  the  n i t r o g e n  v i b r a t i o n a l  temperature p r o f i l e .  For the Park 
l i k e  model the peak va lue  o f  TU(I.12) i s  13,370 K w h i l e  f o r  the CUDV model 
i t  i s  c o n s i d e r a b l y  h i g h e r  a t  20,900 K. F u r t h e r ,  the subsequent behav io r  
o f  the v i b r a t i o n a l  temperatures i s  c o n s i d e r a b l y  d i f f e r e n t .  I n  the CVW 
case, TU(N2) takes  on v a l u e s  i n  the v i c i n i t y  o f  11,000 K; w h i l e  f o r  the 
Park l i k e  model the v a l u e s  are  near 8600 K. Since i t  has been 
p o s t u l a t e d  ( R e f .  2 and 6 )  t h a t  the e l e c t r o n  temperature can be 
approximated by the n i t r o g e n  v i b r a t i o n a l  temperature over much o f  the 
f l o w f  i e l d ,  these d i f f e r e n c e s  would l e a d  t o  s i g n i f i c a n t l y  d i f f e r e n t  
p r e d i c t i o n s  f o r  the magnitude o f  the r a d i a t i v e  heat  t r a n s f e r .  

I n  a d d i t i o n ,  i t  i s  i n t e r e s t i n g  t h a t  the p l a t e a u  l e v e l  o f  the TU(N2j 
on F i g .  6 i s  c l o s e  t o  the post-normal shock e q u i l i b r i u m  va lue  f o r  these 
c o n d i t i o n s .  D e t a i l e d  c a l c u l a t i o n s  o f  e l e c t r o n  tempeature u s u a l l y  
i n d i c a t e  t h a t  the e l e c t r o n  temperature i n i t i a l l y  peaks and then 
m a i n t a i n s  an e s s e n t i a l l y  cons tan t  va lue  r a n g i n g  f rom near t o  f i f t e e n  
percent  above the i d e a l  e q u i l i b r i u m  ua lue .  Thus, the TU(N2) v a l u e s  on 
F i g .  6, w h i l e  p o s s i b l y  low, may be c l o s e r  t o  the  a c t u a l  TE va lues  than 
the TU(N2) v a l u e s  shown on F i g .  4. T h i s  f e a t u r e  and the development o f  a 
model t o  take advantage o f  i t  are c u r r e n t l y  b e i n g  i n v e s t i g a t e d .  Tab le  I 
below l i s t s  some t y p i c a l  v a l u e s  f o r  the WDU and Park l i k e  models. 

P r e l i m i n a r y  r a d i a t i v e  heat  t r a n s f e r  r e s u l t s  have a l s o  been 
o b t a i n e d  u s i n g  t h r e e  d i f f e r e n t  r a d i a t i o n  models and the  CVW v i b r a t i o n  
d i s s o c i a t i o n  c o u p l i n g  model. These r e s u l t s  have been computed as a 
f u n c t i o n  o f  body l o c a t i o n  u s i n g  the  tangent  s l a b  approx imat ion,  l o c a l  
s p e c i e s  c o n c e n t r a t i o n s ,  and assuming t h a t  the e l e c t r o n  temperature i s  
e q u i v a l e n t  t o  the CVDV n i t r o g e n  v i b r a t i o n a l  temperature.  T h i s  l a t t e r  
assumption and the f a c t  t h a t  the computat ions d i d  n o t  i n c l u d e  any 
n o n e q u i l i b r i u m  c o r r e c t i o n  f a c t o r s  on the source f u n c t i o n s  or a b s o r p t i o n  
c o e f f i c i e n t s  p r o b a b l y  makes the present  r e s u l t s  c o n s e r v a t i v e .  ( R e s u l t s  

5 



w i t h  n o n e q u i l i b r i u m  c o r r e c t i o n  f a c t o r  approx imat ions  w i l l  be i n c l u d e d  i n  
the f i n a l  paper.)  

I n  the i n t e r e s t  o f  b r e v i t y  i n  t h i s  a b s t r a c t ,  p r e l i m i n a r y  r e s u l t s  
w i l l  o n l y  be presented  f o r  the body p o i n t  l o c a t e d  ? cm above the 
center1  ine .  Table 11 below p r e s e n t s  r e s u l t s  f o r  t h r e e  d i f f e r e n t  
r a d i a t i o n  models by wavelength r e g i o n ,  and F i g u r e s  8-10 shol!, the 
r a d i a t i v e  heat t r a n s f e r  s p e c t r a l l y .  As can be seen f rom the t a b u l a r  
data,  the t o t a l  p r e d i c t e d  va.lues d isagree by o n l y  a f a c t o r  o f  two, which 
i s  q u i t e  s u r p r i s i n g  c o n s i d e r i n g  the d i f f e r e n c e s  i n  the models and the 
f a c t  t h a t  none w e r e  o r i g i n a l l y  developed f o r  the present  low d e n s i t y  
regime. I n  a d d i t i o n ,  a l l  o f  the models p r e d i c t  t h a t  m o s t  o f  the 
r a d i a t i v e  heat  t r a n s f e r  o r i g i n a t e s  f rom the u l t r a - v i o l e t .  T h i s  t r e n d  i s  
e v i d e n t  i n  F i g u r e  8 f o r  the non-absorbing rad iance model, where most 
i 93%)  o f  the energy i s  i n  the r e g i o n  above 6 e v .  

F i g u r e  9 show5 s i m i l a r  r e s u l t s  f o r  the f i v e  s t e p  absorb ing  model, 
which would be expected t o  y i e l d  lower  t o t a l  heat  t r a n s f e r  due t o  
a b s o r p t i o n  e f f e c t s .  Because o f  the s e l f - a b s o r p t i o n ,  v e r y  l i t t l e  
r a d i a t i v e  energy reaches the w a l l  f rom the vacuum u l t r a - v i o l e t  above 11 
e v .  However, t h i s  model p r e d i c t s  a c o n s i d e r a b l e  c o n t r i b u t i o n  from W 
l i n e s  i n  the 7.88 - 9.55 eu range p l u s  s i g n i f i c a n t  amounts from the 
v i s i b l e  (1.573-7.88 e v )  cont inuum and I R  l i n e s  (1 ,298-1.573 ev) .  I t  
shou ld  be n o t e d  t h a t  t h i s  model i s  based upon n i t r o g e n  and does n o t  
i n c l u d e  any oxygen o r  NZ+(l-) emiss ions.  However, i t  was f o r  the 
v i s i b l e  and IR r e g i o n s  v e r i f i e d  a g a i n s t  exper imenta l  d a t a  a t  s i m i l a r  
temperatures,  a l though h i g h e r  p ressures .  

F i n a l l y ,  F i g u r e  10 p r e s e n t s  the s p e c t r a l  v a r i a t i o n  f o r  the e i g h t  
s t e p  model a b s o r p t i o n  c o e f f i c i e n t  s t e p  model. (Only  seven s t e p s  appear 
p resent .  However, two s t e p s  are  f o r  the  same r e g i o n  and have been 
combined on the p l o t  and i n  the t a b l e s . )  L i k e  the o t h e r  models, the 
m a j o r i t y  o f  the r a d i a t i v e  h e a t i n g  o r i g i n a t e s  f r o m  the r e g i o n  above 6 
ev . ,  b u t  i t  a l s o  p r e d i c t s  more h e a t i n g  from b o t h  the  u l t r a - v i o l e t  and 
the v i s i b l e  p l u s  IR r e g i o n s  than the 5 s t e p  model. P o s s i b l y  t h i s  
d i f f e r e n c e  i s  due t o  the f a c t  t h a t  the 8 s t e p  model i n c l u d e s  
c o n t r i b u t i o n s  due t o  oxygen, mo lecu la r  band systems, and a d d i t i o n a l  
atomic l i n e s  i n  the 911- 1800 A UW r e g i o n .  (The f i v e  s t e p  model o n l y  
i n c l u d e s  UUV l i n e s  i n  the 1300-1570 A r e g i o n . )  I n  p a r t i c u l a r ,  f o r  the 
present  c o n d i t i o n s  N 2 + ( 1 - )  may be s i g n i f i c a n t ,  which would e x p l a i n  the 
l a r g e  c o n t r i b u t i o n  i n  the 8 s t e p  model i n  the 3 - 5 e v  r e g i o n .  These 
p o s s i b i l i t i e s  a re  under i n v e s t i g a t i o n  and w i l l  be r e p o r t e d  i n  the f i n a l  
paper. 

Again i t  shou ld  be n o t e d  t h a t  these r a d i a t i v e  h e a t i n g  r e s u l t s  w e r e  
based upon the CVDU r e s u l t s  u s i n g  T E = N ( N 2 )  and w i t h  no n o n e q u i l i b r i u m  
c o r r e c t i o n  f a c t o r s  a p p l i e d  t o  the source f u n c t i o n s  or  a b s o r p t i o n  
c o e f f i c i e n t s .  For the present  h i g h l y  n o n e q u i l i b r i u m  c o n d i t i o n s ,  the 
l a t t e r  c o u l d  reduce the h e a t i n g  by as much a5 an order  o f  magnitude 
( R e f ,  31,  and thus they w i l l  be i n c l u d e d  i n  r e s u l t s  p resented  i n  the 
f i n a l  paper.  A lso ,  the cho ice  o f  e l e c t r o n  temperature model w i l l  
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significantly affect the radiative heating values. Thus, various 
models, including the Park like model, will be used to evaluate the 
radiative heat transfer and the results will be discussed. Also, the 
present results d o  not include any absorption effects due to the 
prebcence of of a "COO)" boundary layer on the surface of  the vehicle. 
However, preliminary results of Ref. 3 indicate that this will only 
affect the far U l l J .  

Sumnlar Y 

An axisrmmetric nonequilibrium inverse method has been modified 
and extended and used to investigate and compare various vibration 
dissociation chemistry coupling models and radiative heat transfer 
approximations. The similarities, differences, and consquences of using 
these models in the AOTU flight regime will be discussed. 
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e I -- Comparison o f  CVDU and Park Like Models 

CVW Park Like 

X T TV(N2) C(N) T TV(N.2) C(N) 
1.56 22780 20900 ,2911 26840 13370 ,1634 
2.01 14950 12910 ,6165 16940 9279 ,5336 
2.53 13640 11860 ,6759 15050 8628 ,6120 
3.53 12840 11260 ,7136 13780 8515 ,6673 
5.54 12350 10920 ,7369 12900 8630 ,7073 
10.00 12090 10740 ,7492 12310 8749 ,7349 
Note: X is coordinate parallel to shock. For corresponding flow 
location see Fig. 2. Above f o r  streamline X S 1 . 5  . 

I 

8 



1 
1 
I 
I 
I 
I 
1 
I 
I 
1 
1 
1 
I 
-1 
I 
I 
1 
1 
I 

Tab le  I 1  -- R a d i a t i v e  Heat T r a n s f e r  

Model I -- Radiance Model -- No s e l f - a b s o r p t i o n  
Region UR i w a t t s l s q  cm) 
02{S-R> 0,002 
N2I1+ & 2 + )  0,045 
NO {Beta + Gamma) 0,043 
NO( i r 1 0,00(1 
N I F r e e - f r e e )  0 .ooo 
O I F r c e - f r e r i  0,000 
N!Free-bound,2000-5000~ 217.5 
N(500-2000) 4045 
O(2000-5000) 169.9 
O(500-2000) 1488 

T o t a l  5920 

Model 11 - 5 S t e p  Model based on n i t r o g e n  
Wavelength Region QRcwat ts /sq cm) 
620 - 1100 98.2 
1100 - 1300 171.3 
1300 - 1570 3102 
1570 - 7870 240.1 
7870 - 9557 243 .9  

T o t a l  3856 

Model I 1 1  - 8 Step Model based on a i r  
Wavelength Region QR(wat ts /sq cm) 
400 - 852 48.43 
152 - 911 449.3 
911 - 1020 1553 
1020 - 1130 524 2 
1130 - 1801 280 9 
1801 - 4000 1578 
4000 - 937.8 

790 1 

T a b l e  111 -- Comparison o f  R a d i a t i v e  H e a t i n g  Models Above and Below 
Approx imate ly  2000 A 

Reg i on Model I Model I 1  Model 111  
<2000 5533 3371.5 5385.93 
>2000 387.4 484 2515.8 
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Figure 1 -- Shock Shape and 60' Blunt  Cone Shape Generated 
by Inverse Code 
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Figure 2 -- Typical Stagnation Region Streamlines 
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Figure 3 ( a )  Translational, Nitrogen Vibrational, and Electron 
Temperature Profi 1 es Along Stream1 i ne X S = l .  5 
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Figure 3( b)  -- Translational and Electron Temperature Profiles 
Along Streamline XS=1.5 (Vibrational Equilibrium) 
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Figure 4 -- Temperature Profiles Along Streamline XS=1.5 
(CVDV Vibration Dissociation Coupling Model) 
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Figure 5(a )  Concentration Profiles Along Streamline XS-1.5 
. (CVDV Vibration Dissociation Coupling Model) 
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Figure 5(b) -- Concentration Profiles Along Streamline XS=1.5 
(Vibrational Equi 1 i bri urn Case) 
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Figure 6 -- Temperature Profiles Along Streamline X 9 1 . 5  
(Park Like Model) 
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Figure 7 -- Concentration Profiles Along Streamline XS=1.5 
(Park Like Coupling Model 
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Figure 8 -- Spectral Variation of Wall Radiative Heat Transfer a t  
9 cm Above Center1 i ne (Radiance Non-Absorbi ng Model ) 
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Figure 9 -- Spectral Variation of Wall Radiative Heat Transfer at 
9 cm Above Centerline (5 Step Absorption Coefficient Model) 
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Figure 10 -- Spectral Variation o f  Wall Radiative Heat Transfer at 
9 cm Above Centerline (8 Step Absorption Coefficient Model) 


